It is important to identify the mechanism by which ionising irradiation induces various genomic alterations in the progeny of surviving cells. Ionising irradiation activates mobile elements like retrotransposons, although the mechanism of its phenomena consisting of transcriptions and insertions of the products into new sites of the genome remains unclear. In this study, we analysed the effects of sparsely ionising X-rays and densely ionising carbon-ion beams on the activities of a family of active retrotransposons, long interspersed nuclear elements 1 (L1). We used the L1/reporter knock-in human glioma cell line, NP-2/L1RP-enhanced GFP (EGFP), that harbours full-length L1 tagged with EGFP retrotransposition detection cassette (L1RP-EGFP) in the chromosomal DNA. X-rays and carbon-ion beams similarly increased frequencies the transcription from L1RP-EGFP and its retrotransposition. Short-sized de novo L1RP-EGFP insertions with 5#-truncation were induced by X-rays, while full-length or long-sized insertions (>5 kb, containing ORF1 and ORF2) were found only in cell clones irradiated by the carbon-ion beams. These data suggest that X-rays and carbon-ion beams induce different length of de novo L1 insertions, respectively. Our findings thus highlight the necessity to investigate the mechanisms of mutations caused by transposable elements by ionising irradiation.
Introduction
Ionising radiation (IR) induces genomic instability, such as increased frequency of gene mutations and chromosomal rearrangements, in the irradiated cells (1) (2) (3) (4) . However, the mechanisms underlying the initiation and manifestation of radiation-induced genomic instability are not fully understood.
Some irradiation affects endogenous retroviral genes (5) (6) (7) (8) (9) . Both IR and non-ionising ultraviolet (UV) light were shown to induce transcription and transposition of yeast Ty long terminal repeat (LTR) retrotransposons (10, 11) . It has been reported that UV but not X-rays enhances the promoter activity of long interspersed nuclear elements 1 (L1) (12) , but the other showed that c-rays but not UV enhances L1 retrotransposition (13) . Thus, the effects by UV and sparsely ionising photons (i.e. X-rays or c-rays) were considerably variable.
Human retrotransposon sequences occupy �42% of the genome, in which half are L1 sequence comprising �17% of the genome (14) . Only �100 of 500 000 copies of L1 sequence are thought to be retrotransposition-competent (15) , while most of them have lost their retrotransposition activity by mutation, 5# truncation or internal rearrangement (16, 17) . Recently, it was shown that highly active L1 elements may be more abundant than previously expected, and de novo retrotransposon insertions frequently occur in human genomes (18) (19) (20) . In addition, Coufal et al. (21) proposed that the de novo L1 retrotransposition in human brain may contribute to the individual somatic mosaicism.
We established here a simple experimental system that can precisely assess the efficiency of endogenous full-length L1 transcription. By using this system, we examined the difference of endogenous L1 dynamics in human cells exposed to two types of IRs, X-ray and carbon-ion beam, with different linear energy transfer (LET). Densely ionising carbon-ion beams have higher LET and biological effectiveness than sparsely ionising photons with low-LET (22) . Using this feature, the carbon-ion irradiation is used as an effective tool in cancer radiotherapy (23) . Here, we show that carbon-ion beams can induce transposition of longer insertion of de novo L1 than X rays, although both irradiations similarly increase the transcription of the L1 RNA from chromosomal DNA.
Materials and methods

Plasmid constructs
The L1 element is too long to introduce into the retrovirus vector. So the pMXpuroDsa retrovirus vector plasmid was constructed by removing an unnecessary region (a BglII-BamHI fragment of 370 bp) that contained splice acceptor region located upstream of the multiple cloning site (MCS) from the original pMXpuro retrovirus vector plasmid (24) . Then, an 8.5 kbp of SalINotI fragment containing an EGFP retrotransposition cassette-tagged L1 element obtained from pL1RP-EGFP(puro) (25) , L1RP-enhanced GFP (EGFP), was ligated into the MCS of pMXpuroDsa digested with XhoI and NotI.
Cell culture An NP-2 human glioma cell line (26) was maintained in Eagle's minimum essential medium (MEM) (Nissui Seiyaku. Co., Ltd, Tokyo, Japan) supplemented with 10% foetal bovine serum (FBS). Phoenix-A cells [an amphotropic retrovirus-packaging cell line kindly provided by Nolan (27) ] were maintained in Dulbecco's modified MEM (Nissui Seiyaku) supplemented 
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with 10% FBS. NP-2 cells introduced with L1RP-EGFP, NP-2/L1RP-EGFP, were maintained in MEM supplemented with 10% FBS and 1 lg/ml of 2#-3#-dideoxyinosine (ddI) (Sigma, St Louis, MO). Cell cultures were maintained at 37°C with 5% CO 2 .
Establishment of pMX-L1RP-EGFP introduced cells
Phoenix-A cells (2 Â 10 6 cells) were plated in a 60-mm tissue culture dish and incubated overnight. Then, the cells were transfected with 2 lg of pMX-L1RP-EGFP plasmid DNA using a FuGENE6 transfection reagent (Roche, Indianapolis, IN). Culture supernatant containing the retroviral vector was harvested at 52 h after transfection. NP cells seeded 1 day before at 2 Â 10 5 cells/60-mm tissue culture dish were exposed to the culture supernatant containing polybrene (5 lg/ml). The cells were cultured for 2 weeks in MEM containing 1 lg/ml puromycin and puromycin-resistant clones were selected, propagated and assessed for vector integration by detecting the puromycin resistance gene and L1RP-EGFP gene. 4 cells) were plated in 35-mm dish and incubated for 24 h in the absence of ddI. Then, the cells were exposed to X-rays or energetic carbon ions at room temperature as follows. Cells in medium were irradiated with 0, 2.5, 5 or 10 Gy of X-rays using a Stabilipan X-ray machine (Siemens-Asahi, Erlangen, Germany) at a dose rate of 0.86 Gy/min (200 kV, 20 mA, a focus-to-target distance of 40 cm, a 1 mm copper filter). For carbonion irradiation, culture medium was removed, and the plates were covered with 8-lm thick Kapton film (DuPont-Toray, Tokyo, Japan) to avoid air drying. The cells were then irradiated with 0, 1, 2 or 4 Gy of carbon ions (18.3 MeV/ nucleon, 108 keV/lm) using the AVF cyclotron of Takasaki Ion Accelerators for Advanced Radiation Application of the Japan Atomic Energy Agency (Gunma, Japan), as described elsewhere (28, 29) . Fresh medium was added immediately after irradiation and maintained for 3 or 4 days at 37°C with 5% CO 2 , and the number of EGFP-positive cells and EGFP-positive cell foci were counted under a fluorescence microscope.
Detection of L1RP-EGFP transcription
At 6 and 24 h after irradiation, total RNA was extracted from NP-2/L1RP-EGFP cells using an RNA Extraction Kit (Isogen; Nippongene, Tokyo, Japan). The isolated RNA was treated with RQ1 RNase-free DNase (Promega, Madison, WI) and re-extracted with Isogen to eliminate genomic DNA contamination. Using Superscript III first-strand synthesis system (Invitrogen, Carlsbad, CA), 2 lg RNA was reverse-transcribed into complementary DNA 
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(cDNA) in 20 ll of RT reaction mixture to obtain first-strand cDNA. To detect EGFP sequence whose c-globin intron region was spliced out, polymerase chain reaction (PCR) was performed by AmpliTaq Gold polymerase (Perkin Elmer Applied Biosystems, Foster City, CA) using an EGFP-specific primers: egfp-F, 5#-ATGGTGAGCAAGGGCGAGGAGCTGT-3# and egfp(spj)-R, 5#-GCTGGTAGTGGTCGGCCAGCT-3# [ Figure 4A (d and c) ]. The egfp(spj)-R primer sequence was designed to straddle the c-globin intron within EGFP to the splice junction sequence in RNA arising from transcription of L1RP-EGFP. PCR conditions were as follows: 1 cycle of 95°C for 9 min, 35 cycles of 95°C for 30 sec, 67°C for 30 sec and 72°C for 1 min and 1 cycle of 72°C for 2 min. The expected length of the amplified DNA was 553 bp. A housekeeping gene, human glyceraldehyde-3-phosphate dehydrogenase (GAPDH), was detected as a control to check the integrity and amount of RNA in each sample by using primers: GAPDH-F, 5#-TGAAG-GTCGGAGT-CAACGGATTTGGT-3# and GAPDH-R, 5#-CATGTGGGCCATGAGGTC-CACCAC-3# (GenBank accession number M17851). PCR products were analysed on 0.8% agarose gel electrophoresis, and gels stained with ethidium bromide were photographed under a UV transilluminator.
Quantitative PCR was carried out with Brilliant SYBR Green QPCR Master Mix (Agilent Technologies/Stratagene, CA) in the Mx3000P real-time PCR system (Agilent Technologies). The conditions were 95°C for 10 min, 50 cycles of 95°C for 30 sec, 55°C for 30 sec and 72°C for 60 sec using primer set: L1RP 3#-F (5#-GAGGGATAGCATTGGGAGATATACCTAA-3#) and TKpoly(A) ds-R (5#-GTTCGGATCGATCCGTCGAGTATACT-3#) [ Figure 4A (a and b)]. Amplified DNA was 107 bp in length containing junction region between L1 sequence and TK poly(A) sequence. The transcription levels of L1RP-EGFP were normalised by GAPDH messenger RNA using pre-designed Perfect Real-Time Primer Set for GAPDH (primer set identification HA031578; Takara Shuzo, Kyoto Japan), and the data were shown as a fold change compared between the levels in irradiated and non-irradiated cells using the comparative quantitation analysis MxProä QPCR software installed in the Mx3000P.
Isolation of genomic DNA, PCR analysis and sequencing Genomic DNA was isolated from NP-2 cells infected with pMX-L1RP-EGFP retroviral vector, cloned NP-2/L1RP-EGFP cells and its derived EGFP-positive cells by Wizard DNA Purification Kit (Promega) or DNAzol (Molecular Research Center, Cincinnati, OH). EGFP-positive cells arising after irradiation of NP-2/L1RP-EGFP cells were isolated and propagated in medium containing ddI at 1 lg/ml. Genomic DNA that was digested with restriction enzymes and circularised by a T4 ligase (Takara Shuzo) served as a PCR template. Table I shows the template DNAs, primer sets, amplified targets and PCR cycles. PCR was performed using LA Taq polymerase (Takara Shuzo). PCR-amplified fragments were subcloned into pGEM-T easy vector (Promega) or pCR-XL-TOPO (Invitrogen). Deletion clones were also constructed, if necessary. The sequences of these clones were checked by SQ-5500 sequencer (Hitachi, Tokyo) using a Thermo Sequence Premixed Cycle Sequence Kit (Amersham Biosciences) with a Texas Red-labeled T7 Ht primer (5#-GTAATACGACT-CACTATAGGGCGA-3#) and SP 6 primer (5#-CGATTTAGGTGACACTA-TAG-3#). Some PCR-amplified fragments were directly sequenced using a Texas Red-labeled L1RP primer (5#-CACAGTCCCCAGAGTGTGA-TATTC-3#, nucleotide positions 5867 to 5844) (GenBank accession number AF148856) designed from a L1RP 3#-untranslated region (UTR) sequence located upstream of the EGFP cassette. The sequences were analysed using BLAST to identify the preintegration site in the human genome (30) . It was difficult to determine one part of the L1RP-EGFP integration site in some samples because its L1RP-EGFP fragment was truncated by restriction enzymes used to prepare the PCR templates. Therefore, we performed PCR amplifications from non-digested genomic sequences using primers (#12 to #16 Figure 5A , Table I ) designed from the sequences presumed to flank the 5# end of new L1RP-EGFP insertions ( Figure 5A ) and primers that recognise the EGFP retrotransposition cassette sequence (#7 and #10 Figure 5A , Table I ).
Results
Establishment of pMX-L1RP-EGFP introduced cells pMX-L1RP-EGFP plasmid contains the L1RP-EGFP fragment (functional full-length L1 sequence tagged with EGFP retrotransposition detection cassette) in the reverse orientation, and its expression is controlled by the murine leukaemia virus (MLV) promoter in the retroviral vector. Therefore, transcription of the L1 element independently starts from the internal promoter in the 5#-UTR of L1 ( Figure 1A ). Retrovirus vectors bearing RNA of pMX-L1RP-EGFP were recovered from the culture supernatants of Phoenix-A cells transfected with pMX-L1RP-EGFP and were inoculated into NP-2 cells. Infected cells were selected with puromycin and then cloned.
To confirm that the complete pMX-L1RP-EGFP sequence was introduced into the genome of NP-2 cells, we examined the puromycin-resistant 30 cell clones by PCR using primers to amplify the L1RP-EGFP sequence (pmx/mcs-F and pmx/ sv40p-R) and the puromycin resistance gene (pmx/puro-F and pmx/puro-R) ( Figure 1A , Table I ). The complete sized L1RP-EGFP sequence was found in one cell clone ( Figure 1B, Lane  6 ). This clonal cells contained a few EGFP-expressing cells, so that further cloning was carried out to obtain completely EGFP-negative cells. Thus, we established the NP-2 cell clone carrying the EGFP retrotransposition cassette-tagged L1 element and named NP-2/L1RP-EGFP cells.
To confirm the integration site of the pMX-L1RP-EGFP sequence in the genomic DNA of NP-2/L1RP-EGFP cells, we amplified the flanking DNA of integration site by inverse PCR using the primer pair located in the 5#-and 3#-terminal regions of LTR ( Figure 1A , Table I ). Two PCR products contained 0.55 kbp with the 3#-LTR flanking region and 2.3 kbp with the 5#-LTR flanking region. These flanking regions were mapped to chromosome 11p15 (NW_925006.1) and interrupted by the Figure 1D ). Four-base pair duplications were found at both ends of the LTR-L1RP-EGFP-LTR. Two-base pair nucleotides from the ends of the 5#-and 3#-LTR adjoining to cellular sequences were missing ( Figure 1D ), as observed in the case for MLV retroviruses (31) .
integration of the LTR-L1RP-EGFP-LTR construct (
Characterization of NP-2/L1RP-EGFP cells
Retrotransposition of the L1RP-EGFP element in the cells transfected with the episomal expression plasmid DNA, pL1RP-EGFP(puro), turns the cells to express EGFP (25) . EGFP expression resulting from spontaneous retrotransposition events was also observed in the NP-2/L1RP-EGFP cells ( Figure 1C ). The rate of the events per cell division was estimated to be 0.0055% by dividing the number of GFP-positive foci by the total number of cell divisions during 5 days.
Effect of RT inhibitors on LINE-1 retrotransposition has been analysed previously (32, 33) . Among nucleoside analog reverse transcriptase inhibitors (NARTIs), such as AZT, ddI, ddT or 3TC, ddI was the most effective inhibitor for induction of EGFP-positive cell foci. One microgram per millilitre ddI inhibited �70% of spontaneous retrotransposition events (Figure 2A) . Induction of EGFP expression in NP-2/L1RP- 
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EGFP cells was effectively suppressed by ddI ( Figure 2B ). Therefore, we could examine de novo L1 insertions without other spontaneous retrotranspositions.
Irradiation increases L1 retrotransposition in culture cell assay To evaluate radiation-induced retrotransposition, NP-2/L1RP-EGFP cells were exposed to X-rays (0, 2.5, 5 or 10 Gy) or carbon ions (0, 1, 2 or 4 Gy). Then, the number of survived cells, EGFP-expressing cells and EGFP-expressing cell foci were counted on 3 or 4 days after irradiation. The number of survived cells decreased in accordance with increasing radiation doses. When the dose of carbon ion-irradiation was increased, the number of EGFP-positive foci was decreased ( Figure 3A) . However, the number of EGFP-positive foci was not correlated with that of survived cells in the X-ray irradiation ( Figure 3A) . Expression frequency of EGFP-expressing cell foci (ratio of retrotransposition) and the EGFP-positive cells (ratio of retrotransposed cell) was calculated by dividing the number of EGFP-positive foci and the number of EGFP-positive cells by the number of survived cells, respectively. Irradiation with 5 and 10 Gy of X-rays or 2 and 4 Gy of carbon ions increased the retrotransposition ratio, and the 10 Gy of X-rays and 4 Gy of carbon ions led to 3-fold increases ( Figure 3B ). X-rays (5 and 10 Gy) but not carbon ions increased the retrotransposed cell ratio (Figure 3C) , suggesting that the ratio of cells containing the de novo L1RP-EGFP insertion would be elevated in the survived population of the cells irradiated with X-rays but not carbon ions. As shown in Figure 3D , enlarged and flattened cells were observed in some fractions by carbon-ion irradiation. We previously reported that NP-2 cells irradiated with 2-4 Gy of carbon ions underwent premature senescence and exhibited terminal growth arrest (34) . Therefore, carbon-ion irradiation does not possibly increase retrotransposed cells due to the terminal growth arrest.
Irradiation increases L1RP-EGFP transcription UV but not X-rays is known to activate the L1 promoter (12) . To address whether the increased retrotransposition observed in the irradiated NP-2/L1RP-EGFP cells was induced by increased L1RP-EGFP transcription, we compared the L1RP-EGFP transcript levels by detecting a spliced EGFP cassette and upstream region of TK poly(A) signal ( Figure 4A ). Both X-rays and carbon ions increased the L1RP-EGFP RNA expression at 6 h after irradiation, and its expression was elevated at lower dose such as 2.5 Gy of X-rays and 1 Gy of carbon ions at 24 h after irradiation ( Figure 4B ).
Sequencing analysis of L1RP-EGFP insertions observed in irradiated cells
To determine the structure of de novo L1 insertions and their flanking genome sequences, EGFP-expressing cells were directly picked up and propagated in medium containing ddI (1 lg/ml) to inhibit additional retrotransposition. We amplified de novo L1RP-EGFP insertions and its flanking sequences by inverse PCR followed by nested PCR using the primer sets shown in Table I and Figure 5A . EGFP-expressing cells contain at least the retrotransposed cytomegalovirus (CMV) promoter and the complete EGFP gene, as shown in Figure 5A . We found that de novo L1RP-EGFP insertions containing various sizes of poly(A) tail (26-110 bp) transposed in various loci ( Figure 5B-D) . We could not accurately determine the length of the poly(A) tail observed in an X-irradiated cell clone, X-c3, because its poly(A) tail was too long to determine by our sequencing system. The insertion size should be 1.7 kbp longer because of the EGFP retrotransposition cassette and the poly(A) tail sequences, although our present data showed only the insertion length of upstream region of EGFP retrotransposition cassette gene due to lack of accurate data for EGFP regions of these resultants. In spontaneous retrotransposition, three clones had similar insertion sizes (S-c1: 553 bp, S-c3: 523 bp and S-c4: 505 bp) and two of them had long sizes of target site duplications (TSDs) (S-c1: 31 bp and S-c4: 104 bp) [ Figure  5B (1, 4) ]. The insertion observed in S-c1 also contained deletions (consisting of three sites À6, À2, À6, a total of 14 bp) and 8 bp of substitutions consisted of 5-bp transition and 3-bp transversion. Size of insertion (63 bp) and TSD (8 bp) in clone S-c2 was shorter than the other three clones. In addition, a 20-bp fragment of chromosome 14 and an extra 1 bp (i) were observed at the 5# truncated end of the L1RP-EGFP fragment [ Figure 5B (2)]. Clone S-c3 contained 149 bp of the CMV promoter sequence at the 5#-truncated end. This clone also contained a chimeric sequence at the 5#-terminal end consisting of flanking genomic DNA and part of the CMV promoter region [ Figure 5B (3) ].
It should be noted that the size of de novo L1RP-EGFP insertions showed specific trends for each type of irradiation ( Figure 5C and D) . In retrotranspositions, insertion sizes from the EGFP stop codon to the 5#-end of inserted L1RP were longer Cells were harvested at 6 or 24 h after irradiation, and total RNA was extracted, quantified and cDNA synthesised. qPCR data are presented relative to non-irradiated sample (0 Gy) and GAPDH gene used for the normalization of qPCR data. The spliced EGFP cassette was resolved on a 0.8% agarose gel. Steady-state levels of spliced EGFP cassette detected in non-irradiated cells were very low. cDNA of GAPDH messenger RNA in each sample was detected as a control and its expression was not affected by irradiation.
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in carbon ions (536-5961 bp) than that in X-rays [0 (À177) to 213 bp]. In particular, in carbon-ion irradiation, two clones had almost similar insertion sizes (C1-c2: 5338 bp and C2-c1: 5333 bp), while the sizes of TSDs were canonical: X-rays (17 bp, 16 bp, 2 bp, 17 bp) and carbon ions (15 bp, 3 bp, 15 bp, 11 bp). The endonuclease (EN) consensus cleavage site motif (5#-tttt/a-3# and related sequences) (35) (36) (37) (38) (39) was observed in most samples. Therefore, our results showed that the most L1RP-EGFP insertions in X-ray and carbon ion-irradiated clones had typical EN-dependent features. They had 11-17 bp TSDs, an AT-rich target site and a poly(A) tail and their constructions were similar to a previous report by Farkash et al. (13) .
Discussion
To investigate the effects of IRs on endogenous L1 retrotranspositions, we established a retrotransposon/reporter knockin cell line, NP-2/L1RP-EGFP. We showed that both X-rays and carbon ions increase L1-RNA transcription, suggesting that these irradiations activate the L1 promoter or negates the inhibitory effect of transcription of full-length L1 RNA by inadequate transcriptional elongation as reported previously (40) .
We also found that insertions of L1 induced by irradiations had different sizes. De novo L1 insertions by carbon-ion irradiation were clearly longer than those by X-rays. Babushok et al. (41) reported that full-length de novo L1 insertions were 9% in a transgenic mouse model. We also checked conformations of de novo insertions of L1RP-EGFP in UVCirradiated cells. However, longer-sized insertions were not detected than that of the case by carbon ion-irradiated.
Alternatively, we obtained de novo insertions of L1RP-EGFP flunking the short TSD or without TSD in three of four cases (supplementary Figure, available at Mutagenesis Online). The majority of 3# intact L1 insertions in the human genome are 5#-truncated, and most of their sequences consist of the 1000 (around 2000) nucleotides from the 3#-terminal of L1 (16, 42) . In addition, L1 copies are predominantly associated with TSDs of 8-20 bp (43) . Therefore, the structure of L1 insertions detected in X-irradiated cells seemed similar to the majority of L1 insertions in the human genome. Compared with sparsely ionising X-rays, densely ionising carbon ions produce more complexly clustered DNA damage along their tracks and may induce a various biological phenomena, such as cell death, neoplastic transformation and chromosome aberrations (44). Our observations suggest that different LET affects the insertion size of L1. Ku70, which is required for the nonhomologous end-joining (NHEJ) pathway in DNA repair by binding to double-strand break (DSB) ends, is shown to inhibit the long size insertion of de novo LINE (45) . Severe DSBs caused by carbon-ion irradiation might exhaust Ku70 to provide the suitable environment for synthesis of the longer insertion of L1RP-EGFP.
After carbon-ion irradiation, we detected two cases of de novo L1RP insertions in similar sizes containing ORF1 and ORF2 region but not 5#-UTR region (C1-c2 and C2-c1) ( Figure 5D ). These results raise two possibilities: (i) L1 DNA synthesis by L1-RT tends to stop after ORF1 region synthesis and (ii) carbon-ion irradiation induces transcription of unusual L1-RNA (ORF1 and ORF2 region but not 5#-UTR region) starting at downstream site of its own internal promoter in 5#-UTR region, although L1 transcription is thought to start at an upstream site of their own internal promoter to generate the full-length LI RNA (46, 47) . It is known that ORF1 and ORF2 regions remain relatively conserved, whereas 5#-UTR region of L1 is frequently recruited during the evolution of L1 (48) . Our findings suggest that the unusual intracellular environments induced by densely ionising radiation produce a newly active L1 copy in the progeny of survived cells. Although the sample numbers are too small to conclude the radiation effect on the insertion stage of L1, our data raised a possibility that long-sized de novo L1 insertions would be produced in carbon ion-irradiated cells.
Our data suggest that L1 retrotranspositions contribute to radiation-induced genomic instability and highlight the necessity to effects on endogenous transposable elements by ionising radiation from the environments.
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